gram. A minicore collection of pearl millet comprising 238 accessions was constituted by using data on 10 qualitative and 8 quantitative traits of 2094 core collection accessions. The hierarchical cluster analysis of data using a phenotypic distance matrix resulted in 136 clusters. A proportional sampling strategy with 10% or a minimum of one accession from each cluster was used to form the minicore collection. The comparison of data in the minicore and core collections using various statistical parameters, such as homogeneity of distribution for geographical origin and frequency classes of qualitative traits, means, median, within and between-accession variances, diversity index, and phenotypic correlations, indicated that almost the entire genetic variation present in the core collection was captured in the minicore collection. The possible impact of high between-and within-accession variability in pearl millet on maintenance of genebank accessions is discussed. With its greatly reduced size, the pearl millet minicore collection can be used for precise evaluation of traits of agronomic importance and biotic and abiotic stresses as well as mapping with molecular markers for identifi cation of trait-specifi c germplasm and discovery of new genes.
collection) was visualized to enhance the use of germplasm in breeding programs (Frankel and Brown, 1984a) . Core collections have been reported in cereal crops; pearl millet (Bhattacharjee et al., 2007; Upadhyaya et al., 2009a) , sorghum (Rao and Rao, 1995; Grenier et al., 2001) , rice (Yan et al., 2007) , maize (Li et al., 2004) , fi nger millet [Eleusine coracana (L.) Gaertn.] (Upadhyaya et al., 2006a) , and foxtail millet [Setaria italica(L.) Beauv.] . In pearl millet, Bhattacharjee et al. (2007) developed a core collection using data on 11 quantitative traits. This core collection was augmented with 501 accessions representing 4717 new accessions and exclusion of 7 (5 duplicates and 2 male sterile lines) accessions, resulting in a revised core collection of 2094 accessions (Upadhyaya et al., 2009a) . Precise evaluation using multiple locations and replications of this core for economic traits that show high genotype × environment interaction would be resource intensive. To overcome this, Upadhyaya and Ortiz (2001) suggested the minicore collection approach in crops having a large number of accessions. A minicore collection is a subset of the core, consisting of about 10% of the core collection, or 1% of the entire collection, and representing its diversity. Minicore collections have been developed in a number of crops such as chickpea (Cicer arietinum L.) (Upadhyaya and Ortiz, 2001) , groundnut (Arachis hypogaea L.) (Upadhyaya et al., 2002) , pigeonpea [Cajanus cajan (L.) Millsp.] (Upadhyaya et al., 2006b) , rice (Ebana et al., 2008) , sorghum (Upadhyaya et al., 2009b) , and fi nger millet . The minicore collections in diff erent crops have been evaluated for identifying useful traits (Upadhyaya, 2008; Upadhyaya et al., 2009c) . The objective of this study was to establish a pearl millet minicore collection that is representative of the diversity of the pearl millet core and entire collection for eff ective use in breeding programs, molecular studies, and discovery of new genes.
MATERIALS AND METHODS
Data of 18 phenotypic traits (10 qualitative and 8 quantitative) generated from evaluation of 2094 accessions from 46 countries in the pearl millet core collection developed at ICRISAT (Upadhyaya et al., 2009a) were used to develop the minicore subset. The accessions were grouped into early (≤50 d), medium (51-80 d), and late (≥81 d) maturity on the basis of days to fl owering. They were then evaluated in an augmented design with one of the three control cultivars of diff erent maturities, namely, ICTP 8203 (early), Raj 171 (medium), and IP 3616 (late), after every nine test accessions of specifi c maturity group, in the alfi solPatancheru Soil Series (Udic Rhodustalfs) fi eld in the rainy season (June to October), 2007, at Patancheru (18°N, 78°E, 545 m above sea level, and 600 km from the sea), Andhra Pradesh, India. ICTP 8203 (PI 537113) is an early-maturing, dark gray and large-seeded, open-pollinated, high-yielding variety developed by random mating of fi ve S 2 progenies selected from an Iniadi landrace, originating from northern Togo, at ICRISAT, Patancheru, India (Rai et al., 1990) . Raj 171 is a medium-maturing, open-pollinated cultivar developed by random mating of eight S 1 progenies from an intervarietal composite selected at ICRISAT, Patancheru, India (Christinck et al., 1990) . IP 3616 is a dual-purpose, late-maturing landrace from Tamil Nadu, India. Each plot consisted of a single row of 4-m length, with row spacing of 75 cm and plant-to-plant spacing of 10 cm. Care was taken to ensure uniform planting depth of 3 cm. The experimental fi eld received 150 kg ha -1 di-ammonium phosphate as basal fertilizer at the time of fi eld preparation and 100 kg ha -1 urea as topdressing 3 wk after sowing. The experiment received fi ve life-saving irrigations each with 5 cm water. A recommended package of agronomic practices for raising a good crop was followed.
Data on 10 qualitative characters (synchrony of panicle maturity, panicle shape, panicle density, bristle length, seed shape, seed color, endosperm texture, green fodder yield potential, seed yield potential, and overall plant aspect) and (IBPGR and ICRISAT, 1993) . Observations were recorded on 30 representative plants in each accession for all the quantitative traits except 1000-seed weight, which was recorded on plot basis as weight of randomly taken 1000 seeds obtained from pooled seed from 30 representative plants of the plot. Days to fl owering were recorded as days from sowing to the stage when main tiller panicle of a plant exhibited stigma emergence. Synchrony of panicle maturity, green fodder yield potential, seed yield potential, and overall plant aspect are visual observations and were recorded on a plot basis on a 1 to 9 scale, where 1 = poorest or lowest and 9 = excellent or highest; panicle shape on a 1 to 9 scale (1 = cylindrical and 9 = globose); panicle density on a 1 to 9 scale (1 = most loose and 9 = most compact); seed shape on a 1 to 5 scale (1 = obovate and 5 = globular); seed color on a 1 to 10 scale (1 = ivory, 5 = deep gray, and 10 = mixture of white and gray grains in a panicle); bristle length on a 1 to 9 scale (bristles below the seed apex level to >4 cm above the seed apex level); and endosperm texture on a 1 to 9 scale (nine diff erent combinations of percentage of corneous and starchy endosperm texture) following IBPGR and ICRISAT (1993) .
The data on quantitative traits were analyzed following Residual Maximum Likelihood (REML; Patterson and Thompson, 1971) using GENSTAT 12th edition (http://www.vsni.co.uk, verifi ed 27 Oct. 2010) . For all the quantitative traits, except 1000-seed weight, genotypic variance was partitioned into between and within-accession variances and tested for signifi cance against respective standard errors. Best linear unbiased predictors (BLUPs) (Schönfeld and Werner, 1986) were calculated for all the eight quantitative characters for each accession. On the basis of BLUPs, mean, range, and variances for all quantitative traits were calculated for the core and minicore collection separately. A distance matrix using data on 18 traits was created following Gower (1985) and subjected to hierarchical cluster algorithm of Ward (1963) at an R 2 (squared multiple correlation value) of 0.75 for clustering of accessions. This method optimizes an objective function because it minimizes the sum of squares between groups. A proportional sampling strategy with 10% or a minimum of one accession from each cluster was used to form a minicore collection. The 46 countries of origin were grouped into 11 regions (Table 1) . Frequencies for geographic regions, countries within regions, and all the qualitative traits in the core and minicore collections were tested by χ 2 . Heterogeneity of χ 2 was calculated as the diff erence between the sum of χ 2 values of countries within a region and the pooled χ 2 value of the region. The Yates (1934) correction was applied if the number of accessions in a particular region or country was less than fi ve in the core collection. Means for the core and minicore collections were compared by the Newman-Keuls procedure (Newman, 1939; Keuls, 1952) . Homogeneity of variances between accessions was tested by Levene's test (Levene, 1960) . Based on predicted means of each plant, within-accession variance was calculated for each accession. The percentage of signifi cant diff erences between the core and minicore collections was calculated for the mean difference (MD%) and variance diff erence (VD%) (Hu et. al., 2000) . The coincidence rate (CR%) and variable rate (VR%) were calculated to compare the core and minicore collections (Hu et. al., 2000) . The Wilcoxon (1945) rank-sum nonparametric test was performed using the SAS NPAR1WAY procedure to compare the medians of quantitative traits between the core and minicore collections (SAS Institute Inc., 2009). The Shannon-Weaver diversity index (H`) (Shannon and Weaver, 1949) was used to measure and compare the phenotypic diversity for qualitative and quantitative traits in the core and minicore collections. The phenotypic correlations among eight quantitative traits using accession means in the core and minicore collections were estimated independently to determine whether the associations, which may be under the same genetic control, were conserved in the minicore collection.
RESULTS AND DISCUSSION

Constitution of the Minicore
The hierarchical cluster analysis on phenotypic distance matrix using Ward's (1963) method resulted in 136 clusters. Number of accessions in individual clusters varied from 2 to 50. A minicore collection of 238 accessions (11.4% of the core collection and 1.1% of the entire collection) was formed using the proportional sampling strategy (10% or minimum of one accession).
Frequency Distribution
χ 2 probabilities for frequency distribution of accessions in geographic regions and countries within regions in the core and minicore collections were nonsignifi cant for most of the 46 countries except Gambia (P = 0.006) in West Africa (Table 1) , indicating representative similarity. χ 2 probabilities for all the 11 geographic regions were also nonsignifi cant except for North Africa (P = 0.0002) and Europe (P = 0.009). Heterogeneity values were nonsignifi cant for all the regions except North Africa (P = 0.007), indicating that the countries within each region were represented adequately. The overall χ 2 (38.65 at 45 df) was nonsignifi cant (P = 0.736). χ 2 probabilities for frequency distribution of classes in all 10 qualitative traits were nonsignifi cant (P = 0.0859 to 0.9495) ( Table 2 ). Uniform distribution of classes in the core and minicore collections indicated that the sampling technique to constitute the minicore was appropriate and that the minicore represented the core collection for qualitative traits. 
Mean, Median, and Variances
Diff erences between the means of the core and minicore collections were nonsignifi cant for all eight quantitative traits, resulting in 0 MD% (Table 3 ). There were no signifi cant diff erences between the medians of the core and minicore for any of the quantitative traits as tested by the Wilcoxon (1945) rank-sum non-parametric test NPAR-1WAY procedure, indicating that the minicore represents the core collection for each of the eight quantitative traits. The variances in the core and minicore collections were homogeneous (P = 0.060 to 0.737) for all the quantitative traits, resulting in 0 VD% (Table 3 ). The zero value of MD% and VD% (<20%) indicated that the minicore adequately represented the core collection (Hu et al., 2000) .
The data recorded on 30 representative plants in each accession were used to partition total variance into betweenand within-accession variance. In the core, between-and within-accession variance component for all quantitative characters was highly signifi cant, indicating suffi cient variability (data not shown). However, in the case of number of total and productive tillers, panicle exsertion, and thickness, the within-accession variance component was higher compared to between-accession variance, indicating presence of greater intra-accession variability for these traits. To compare the core and minicore, simple variances were obtained for each accession by using predicted means of each plant. Similar to the core collection, the minicore also showed greater within-accession variances for number of total and productive tillers, panicle exsertion, and panicle thickness.
Between-accession variances were greater for days to fl owering, plant height, and panicle length (data not shown). The within-accession variance range for each of the quantitative traits in the core and minicore was comparable. The mean values of within-accession variances were slightly higher in the minicore than the core for all the traits except panicle thickness, indicating that the minicore captured suffi cient variability at both the levels (Table 4 ). The highly crosspollinated nature of the crop coupled with varying degrees of self-pollination, uncertain environmental conditions, and farmers' preferences have played a major role during domestication of pearl millet, thus ensuring greater variability between and within accessions. Within-accession variation for most of the traits may also be the consequence of some sort of buff ering mechanism adapted by diff erent genotypes to diff erent environmental conditions (Bradshaw, 1965) . For example, intravarietal variation for fl owering time would ensure that in case of a dry spell, all plants in a fi eld will not be aff ected by drought in their most sensitive fl owering stage (Haussmann et al., 2007) . The pearl millet allogamous mating system in conjunction with farmers' seed management and regional exchange activities has also led to regionally similar but highly heterogeneous populations adapted to withstand the vagaries of extreme climatic conditions (vom Brocke et al., 2003) . The enormous diversity creates challenges for genebank managers in terms of redundancy, regeneration, and conservation of a large number of accessions of this crop. The traits that show more within-accession variation will need careful planning for maintenance of the variability. The minicore, as representative of the core and entire collection, may help overcome some of these diffi culties. To avoid inbreeding and loss of diversity during regeneration, a greater number of plants per accession need to be used for seed multiplication and subsequent conservation. Thus, a greater quantity of seed can be supplied to a researcher, ensuring delivery of the full spectrum of variability present within and between accessions.
Shannon-Weaver Diversity Index
Shannon-Weaver diversity index is used to measure the allelic richness and evenness in the population. A low H` indicates an extremely unbalanced frequency class for an individual trait and a lack of genetic diversity. The average H` for all 18 traits in the minicore collection (0.602 ±0.0195) was comparable to that in the core collection (0.597 ±0.0171), suggesting that the minicore has captured adequate diversity from the core collection (Table 5) . Endosperm texture had the highest H` values of 0.770 and 0.805 in the core and minicore collection, respectively. Bristle length had the lowest H` values of 0.447 and 0.444 in the core and minicore collection, respectively. The VR% compares the coeffi cient of variation values of the traits measured in the core collection with the minicore in general and determines how well the variance is being represented in the minicore. The CR% indicates whether the distribution ranges of each trait in the minicore are well represented when compared to the core collection. Core collection with low MD% and VD% (<20%) and large CR% (>80%) and VR% (>100%) are considered to provide a good representation of the genetic diversity of the initial collection (Hu et al., 2000) . The coeffi cient of variation values were higher in the minicore than in the core collection, resulting in a high VR% of 109.3 for the quantitative traits (Table 5 ). The high CR% captured for quantitative traits (83.4%) in the minicore indicated homogeneous distribution ranges of the traits and that it was representative of the core collection.
Trait Associations
Phenotypic correlations were calculated among eight quantitative traits in the core and minicore collection separately (Table 6 ). In the core collection, all the correlations were signifi cant at P = 0.01 except between days to fl owering and 1000-seed weight and between panicle length and thickness. In the minicore, the pattern of association between most of the trait combinations was similar to that observed in the core. Further, the proportion of variance in one trait that can be attributed to its linear relationship with a second trait is indicated by the square of the correlation coeffi cient (Snedecor and Cochran, 1980) . Estimates of correlations ≥0.707 or ≤-0.707 have been suggested as meaningful correlations (Skinner et al., 1999) . In the present study, we found such high correlation between number of total and productive tillers in the core (r = 0.890) as well as minicore (r = 0.901), respectively. A few other important correlations in the core as well as minicore were: negative correlation between panicle length and exsertion, positive association between panicle length and plant height, negative correlation between panicle thickness and number of total and productive tillers, and positive association between panicle thickness and 1000-seed weight.
The pearl millet minicore developed in this study captured almost the full diversity of the core collection for all the traits. The minicore provides an opportunity to identify phenotypic variability in preliminary analyses of a more modest-sized sample. For pearl millet, specifically, the minicore collection can be extensively screened for desirable alleles in multiple environments for traits such as pathotype-specifi c downy mildew resistance and heat and drought tolerance; major agronomic traits; for biochemical components of human nutrition (minerals such as iron and zinc and vitamins, etc.), industrial use (starch, sugar, etc.), and livestock feed (phenols, tannins, etc.); and for identifi cation of maintainers and fertility restorers of male sterility of diff erent cytoplasmic male sterility systems. For example, this minicore captured two downy mildew resistant accessions (IP 21187 and IP 21201), four (IPs 19722, 19816, 19851, 19913, 19964) , and an early-fl owering (IP 7846) and a high-tillering accession (IP 22269). The minicore with a manageable number of accessions can be used for combining-ability studies of economic traits (nonobservable characters) (Frankel and Brown, 1984b) , thus adding a new and important facet to the evaluation and subsequent use of germplasm collection. This will lead to greater use of diverse germplasm for discovery of new genes, especially in the context of climate change scenario. Furthermore, additional sources of new genes can be found in the larger core collection or the entire collection by selectively examining the clusters from which the minicore accessions have been selected for a particular trait. Minicore collections have been evaluated to identify new sources for important biotic stresses such as multiple disease resistance in chickpea (Pande et al., 2006) , rust and late leaf spot resistance in groundnut (Kusuma et al., 2007) , grain mold and downy mildew resistance in sorghum (Sharma et al., 2010) , and abiotic stresses such as drought tolerance in chickpea (Kashiwagi et al., 2005) and groundnut (Upadhyaya, 2005) ; salinity tolerance in chickpea , groundnut, and pigeonpea (Srivastava et al., 2006 (Srivastava et al., , 2007 . The minicore collections have also been evaluated for agronomic traits of importance in various crops such as chickpea, groundnut, and pigeonpea and are being made more meaningful by addition of molecular marker data for diff erent traits (summarized in Upadhyaya, 2008; Upadhyaya et al., 2009c) . The minicore collections can also be used to study the population structure and linkage disequilibrium in crops, a prerequisite for carrying out association mapping studies (Wang et al., 2008) . In conclusion, the minicore of 238 accessions constituted in this study is a good representative of the ICRISAT pearl millet core collection of 2094 accessions as well as the entire collection of 20,766 cultivated accessions. The research community can avail itself of limited seeds of the pearl millet minicore accessions free of charge from the genebank at ICRISAT, Patancheru, India, following the terms and conditions of the Standard Material Transfer Agreement. .050 and 0.036 are signifi cant at P = 0.01 and 0.05, respectively, in the core collection at df 2092, and correlation coeffi cients >0.150 and 0.107 are signifi cant at P = 0.01 and 0.05, respectively, in the minicore at df 236.
